Nonspherical particles play a key role in the atmosphere by affecting processes such as radiative forcing, photochemistry, new particle formation and phase transitions. In this context, measurements on single particles proved to be very useful for detailed investigations of the properties of the particles studied and of processes affecting them. However, measurements on single nonspherical particles are limited by the difficulties and lack of understanding associated with the optical trapping of such particles. Here, we aim at better understanding the optical trapping of nonspherical particles in air by comparing the motion of an observed nonspherical particle with simulated optical forces and torques. An holographic microscope is used to retrieve the 6D motion of a trapped peanut-shaped particle (3D for translation and 3D for rotation). Optical forces and torques exerted by the optical trap on the peanut-shaped particle are calculated by using FDTD simulations. Most of the main features of the particle motion are in agreement with the calculations while some specific aspects of the particle motion cannot yet be explained.
INTRODUCTION
Aerosol particles are of great interest for both fundamental and applied research. They experience many processes including optical trapping 1, 2 , optical forces 3, 4 , thermophoresis 5 , optical binding [6] [7] [8] , formation of cloud droplets 9 , ice nucleation 10 , phase transitions [11] [12] [13] , evaporation 14 , condensation of molecules 15 on their surface, reactions with gases or radicals 16 , photochemistry 16, 17 , scattering and absorption of light [18] [19] [20] . Nonspherical aerosol particles arouse particular interest due to their specific properties. In the form of desert dust, volcanic ash, soot and ice particles they act as catalyzers of photochemical reactions 16, 17, 21 , cloud condensation nuclei 9 and ice nucleation centers 10 . They also promote alternate pathways of new particle formation 17 . Due to their high loads in the atmosphere, the scattering and absorption of the sunlight by nonspherical particles also have a high impact on the Earth's radiative forcing 22, 23 . The optical trapping of nonspherical particles and the accompanying coupling of rotation and translation still need to be better understood 3 . In order to unravel the role played by the particle morphology during these processes it is necessary to measure the time evolution of the aerosol particle in situ. However, very few experiments are able to perform such measurements. Usual light scattering or absorption measurements cannot simultaneously determine the particle size and shape without assuming one or the other. Conventional microscopy methods (e.g. bright field and dark field 24 ) are limited because of their fixed imaging plane. This renders the study of particle dynamics virtually impossible because aerosol particles are very mobile even if they are confined in optical traps 25 . Furthermore, these methods can only provide two-dimensional (2D) images of the particle morphology. Three-dimensional (3D) morphology can be retrieved by imaging the particle from different angles, with Fourier ptychography 26, 27 and optical diffraction tomography 28 , or by scanning the whole particle volume with confocal imaging 29 . However, these methods require several measurements throughout one 3D scan. Consequently, their temporal resolution is reduced to milliseconds or seconds during which the particle must be quasi-immobile. As an alternative, digital holography (DH) provides the particle's 3D morphology [30] [31] [32] and 3D position 33 from each measured hologram because the reconstruction can be done at any arbitrary imaging plane 34 . DH can also measure the 6D motion of nonspherical objects (3D for the position and 3D for the rotation) suspended in liquid 33, 35, 36 or in air an aerosol particle, because the imaged particle only needs to be quasi-immobile during the duration of the exposure time of each hologram, typically several 10 ns for pulsed lasers 37 and about 10 μs for continuous lasers 38 . Here, a new holographic microscope is used to monitor the motion of optically-trapped nonspherical aerosol particles. The trap allows us to isolate a single particle or multiple particles in air and study them for up to several days. Such single particle measurements are playing an important role to better understand the processes involving aerosol particles [39] [40] [41] [42] [43] [44] , such as those mentioned above. In this paper, we present the 6D motion of an optically-trapped peanutshaped particle. The motion of the particle is compared with FDTD calculations of the optical forces and torques that the trap exerts on such a particle. This leads us to an improved understanding of which aspects of a nonspherical particle's motion we can predict from such calculations.
METHODS

Digital holography of optically-trapped particles
The experimental setup and procedure to reconstruct the shape of the trapped particles used in this study have already been presented elsewhere 25 . They will only be discussed briefly here. The experimental setup sketched in Figure 1 combines a digital in-line holographic microscope with a counter-propagating optical tweezer (CPT) 43, [45] [46] [47] to isolate a single aerosol particle or multiple aerosol particles in air. The CPT allows trapping of submicron-sized and nonspherical particles 25, 48 over extended periods of time (up to several days). The continuous laser of the CPT (Laser Quantum, OPUS 3 532 nm, typical power: 500 mW) is first expanded by a factor of four by using a two lense telescope. The expanded laser beam is then split by using a half-wave plate (λ/2) and a polarization beamsplitter cube (PBC) to obtain the two counter propagating beams with cross-polarized polarization and similar power. Finally, each beam is focused in the center of a trapping cell with an aspherical lens (focal length = 56.6 mm). As shown in Figure 1 -b, the foci of the two CPT beams are separated by several tens of micrometers to form a potential well in which the particles are trapped. The peanut-shaped particles studied here (Magsphere, PNT003UM) are generated by atomizing the aqueous solution containing them. The plume of particles is introduced into the trapping cell and a single particle is captured from the plume.
The digital in-line holographic microscope images the interference pattern formed by an incident reference beam and the light scattered by the trapped particle with a high speed camera (up to 4200 fps at maximum resolution). A Kirchhoff-Helmholtz transform 34 is then applied to this interference pattern to reconstruct the shape of the trapped particles. As explained by Garcia-Sucerquia et al. 34 , an holographic imaging provides diffraction limited images of the particles if the reference beam is a narrow band (~0.1 nm) spherical wave expanding from a point source. Here, the 406 nm holography laser is filtered to obtain a narrow band light source (~0.1 nm). The narrow band 406 nm holography laser is coupled to a single mode (SM) fiber to obtain a Gaussian mode. The output of the SM fiber can hence be collimated with a lens and focused with an objective to form the spherical wave expanding from a point source. The focus of the holography laser is positioned 50-300 μm in front of the particle. A longer distance between the focus of the holography laser and the particle allows a larger field of view but a smaller zoom onto the particle (the particle represents a smaller portion of the full image). The holograms are measured with a high speed camera to obtain a time resolution of 240 μs (MotionXtra Os 7, 1920×1280 pixels, 9.12 μm pixels, up to 4200 full frames per seconds, 19 μs exposure time). The calculated lateral (in the YZ-plane; the axis system is defined in Figure 1 ) and depth (along X-axis) spatial resolution 34 of the holographic microscope are 0.77 μm and 2.95 μm, respectively. The images of the trapped particles are reconstructed using the Octopus software (v2.0.0, 4deep, Halifax, Canada), which applies the KirchhoffHelmholtz transform 34 . The distance between the focus of the holography laser and the camera sensor (~21.5 mm), the wavelength of the light (406 nm) and the pixel size of the camera (9.12 μm) are the only required input parameters for the reconstruction of the particle morphology, position, size and orientation. The input parameters of the reconstruction and the chosen reconstruction distance (distance between the holography laser focus and the reconstruction plane) allow to calculate the size of the reconstructed image without calibration 25 . The particle position along the X-axis corresponds to the reconstruction distance. The center of each reconstructed image corresponds to Y = 0 and Z = 0. The particle position along the Y-and Z-direction is calculated from the dimensions of the image. In addition, the holographic imaging allows to reconstruct the 2D shape of the particles at any distance between the focus of the holography laser and the camera. Hence three-dimensional morphology of the particles can be retrieved by reconstructing the shape of the particle at different X-values. Nonetheless, the image of the particle has a lower depth resolution along the propagation axis of the holography beam (X-axis). In addition, holographic imaging allows us to retrieve both the 3D rotational and the 3D translational motion of nonspherical particles, as explained in next section. 
Retrieval of the orientation of a nonspherical particle
The 3D position and 3D orientation of a nonspherical particle can be retrieved from a single hologram 25 35, 36 . Figure 2 illustrates how the 3D orientation of a peanut-shaped particle is retrieved by reconstructing the shape of the particle at different X from the same hologram. In this example, the larger X gets the smaller (resp. higher) the intensity of the top (resp. bottom) part of the particle gets. Hence, the particle is oriented with its bottom part towards higher X-values and top part towards low X-values. Using such procedure for time resolved measurements allows us to retrieve the 6D motion of a nonspherical particle (3D for translation and 3D for rotation) 25 . By using the reconstruction image containing the center of mass of the particle (center panel of Figure 2 ), the orientation of the particle within the reconstruction plane (angle α) is calculated. An ellipse is fitted to the shape of the reconstructed particle to retrieve the angle α. The rotation angle γ outside of the reconstruction plane (around the Y-axis) is calculated from equation (1):
ε 0 (t) is the maximum aspect ratio of the particle in the reconstructed image recorded at time t, while ε R is the aspect ratio corresponding to the long axis of the particle. The latter is determined from reconstructed images for which the long axis is aligned along the Z-direction. Both ε 0 (t) and ε R are defined in terms of multiples of the diameter of one of the spheres that form the peanut-shaped particle. 
FDTD calculations of the optical forces and torques for the peanut-shaped particle
The optical force and torque acting on a particle are obtained by integrating Maxwell's stress tensor M over the (closed) surface S of the particle 49 . The Finite-difference time domain (FDTD) method 50, 51 as implemented in the FDTD Solutions package 52 is used to perform these calculation as detailed in 25 . While in principle exact this approach becomes computationally very demanding for the particle sizes studied here. Results converged to 1% for a particle with dimensions of a few microns typically require simulation boxes extending to more than ±50λ in the directions perpendicular to the propagation axis and a grid finesse significantly better than λ/100 close to the particle. The solution of the FDTD equations on grids of such size (> 108 cells including absorbing boundary conditions) typically took about 20 h using 16 processors sharing 256 GB memory. We expect all results quoted in this work to be accurate within a few percent. We note that the significant computational expense of FDTD calculations limits the density of the calculated points and thus the numerical accuracy for the case under investigation in this work.
Two sets of simulations are presented in this paper and compared with the experimentally observed motion of a peanut-shaped particle. The first set simulates the optical forces and torques exerted on a particle in the situation where the particle is closer to one trapping beam during the first part of the measurement (t ϵ [0, 48] ms) and then closer to the second beam during the second part of the data (t ϵ [48, 77] ms), as suggested by the X-coordinate of the observed particle presented later in Figure 4 . In the second set of simulations, the particle is located exactly in between both trapping beams along the X-and Y-axis (X=Y=0). In both sets the Z-position and γ-angle of the particle are taken from the experiment (Figure 4-a and 7-a) . The calculated optical forces can serve as direct indicator of the particle's velocity because the motion of such particles is overdamped 25 .
(a) Figure 3 -a shows the reconstructed images of an optically-trapped peanut-shaped particle at different times 25 . The time resolved image of the particle shows its translation and rotation in the optical trap. Figure 3 -b shows the corresponding 3D position and orientation of the particle retrieved from the holographic imaging. The particle trajectory starts closer to the CPT beam 2 with the long axis of the particle aligned in the YZ plane. Then the particle shifts progressively toward the CPT beam 1 and rotates about the Y-axis. The particle aligns along the X-axis when it is approximately between the two trapping beams (t = 48 ms). As the particle get closer to the CPT beam 1, the particle keeps rotating about the Y-axis until it is again aligned in the YZ plane (t = 72 ms). After t = 77 ms, the particle's rotation and translation proceed in the opposite direction (data not shown). 
Retrieving rotational and translational motion of an optically-trapped nonspherical particle
Comparison of experimental motion with calculated forces and torque
Figures 4-8 show the time evolution of the peanut-shaped particle's 3D position and orientation with a time resolution of 240 μs. The retrieved motion of the particle is compared with FDTD calculations of the optical forces and torques that the CPT trap exerts on such a particle. Figure 4 -a shows the motion of the particle center of mass along the X-axis. The main feature of the particle motion is a rapid change of the particle position by almost 10 μm around t = 50 ms. Before this change the particle is closer to the center of the CPT beam 2 and after this change the particle is closer to the center of the CPT beam 1. Figure 4 -b and c present the simulated optical force along X (F x ) when the particle is located in between both trapping beams along X-and Y-axis (Figure 6-a) . The sign of F x indicates towards which trapping beam the peanut-shaped particle is pushed. F x changes from positive to negative values between t = 40 ms and t = 45 ms. Hence the simulations also predict that the particle is located closer to one trapping beam during the first part of the measurement and closer to the second beam during the second part of the measurement. Quantifying the exact shift of the particle along X could not be achieved because of computation costs. Figure 4 . (a) Time evolution of the peanut-shaped particle position X measured experimentally and (b-c) simulated optical force acting on the particle along the X-axis (F x ). The particle is located in between both trapping beams along X-and Y-axis. The Zposition of the particle is taken from the experiment (Figure 6-a) . Figure 5 -a shows the motion of the particle along the Y-axis. The particle moves by approximately 1μm within the first 10 ms before moving linearly by less than 1 μm during the remaining 70 ms of the measurement. Figure 5 -b and -c present the simulated optical force along Y (F y ) when the particle is located in between both trapping beams along Xand Y-axis and for the Z positions measured experimentally at the corresponding times. The simulated F y also predict a stronger change of the force and hence faster motion of the particle within the first 10 ms of the particle motion. However, the calculated F y does not decrease monotonously until the end and hence cannot fully explain the particle trajectory observed in the experiment. Furthermore, the calculated absolute values of F x and F y are not consistent with the amplitude of the motion of the particle along those axes. The particle moves by more than 10 μm along X and less than 2 μm along Y though the maximum of F x and F y are 18 and 60 pN respectively. Figure 5 . (a) Time evolution of the peanut-shaped particle position Y measured experimentally and (b-c) simulated optical force acting on the particle along the Y-axis (F y ). The particle is located in between both trapping beams along X-and Y-axis. The Zposition of the particle is taken from the experiment (Figure 6-a) . The overall particle motion along Z is approximately linear from t = 0 up to 57 ms. The particle then moves several times faster between 57 and 64 ms. Finally the particle barely moves from 64 to to 77 ms. At a more detailed level, the particle motion along Z features periods of fast changes (e.g. Figure 6 -b are negative until t = 67 ms. Hence, the simulations predict in agreement with the experiment that the peanut-shaped particle is continuously shifting in the same direction until t = 67 ms. However some features of the time evolution of the particle trajectory along Z cannot be explained by these simulations. Contrary to the experiment, the simulations are predicting a continuous decrease of the particle velocity along Z. While the calculated F z correctly predict the particle shift in one direction, they do not correctly predict the changes of velocity of the particle. Figure 6 . (a) Time evolution of the peanut-shaped particle position Z measured experimentally and (b) simulated optical force acting on the particle along the Z-axis (F z ). In the simulations, the particle is considered closer to one beam during the first part of the measurement (t ϵ [0, 48] ms) and then closer to the second beam during the second part of the data (t ϵ [48, 77] ms), as suggested by the experiment and the previous simulation. Figure 7 and 8 present the rotation of the particle. The angle γ measured experimentally (Figure 7 -a) is initially at 0° meaning that the long axis of peanut-shaped particle lies in the reconstruction plane (YZ-plane). The particle then rotates quickly by 50° within 2.5 ms. γ continues to increase until plateauing around 82-84° at 42-47 ms. The particle then quickly jumps to γ angles higher than 90°. In other words, the orientation of the peanut-shaped particle flips, i.e. the part that initially pointed towards smaller (higher) Z values afterwards points toward higher (smaller) Z-value. From 48 to 58 ms, γ plateaus again around 106-108° before quickly going to 180°, where the particle lies again in the reconstruction plane. The simulated torque acting along the Y-axis (T y ) is consistent with the observed γ-values. T y is relatively small from 20 to 55 ms, but larger within the first ten milliseconds and around 60-65 ms. Figure 7 . (a) Time evolution of the peanut-shaped particle angle γ measured experimentally and (b) simulated optical torque acting on the particle along the Y-axis (T y ). In the simulations, the particle is considered closer to one beam during the first part of the measurement (t ϵ [0, 48] ms) and then closer to the second beam during the second part of the data (t ϵ [48, 77] ms).
As shown by Figure 8 -a, the angle α of the peanut-shaped particle remains around 2-3° from t = 0 up to 18 ms. α then increases almost linearly up to 9° at t = 46 ms. After t= 48 ms when the particles flips to γ>90°, α rapidly becomes negative and reaches a minimum of ~-6° before reaching values around -1° to -2° as the particles aligns in the reconstruction plane. Qualitatively the simulated torque acting along the X-axis (T x ) is in very good agreement with the observed α. T x is increasing from t = 0 to 45 ms, before becoming negative. The absolute value of T x then decreases until t = 62 ms. The higher absolute value of the torque in the first part of the simulation also predicts a higher α during this part than in the second part of the measurement. Figure 8 . (a) Time evolution of the peanut-shaped particle angle α measured experimentally and (b) simulated optical torque acting on the particle along the X-axis (T x ). In the simulations, the particle is considered closer to one beam during the first part of the measurement (t ϵ [0, 48] ms) and then closer to the second beam during the second part of the data (t ϵ [48, 77] ms).
The previous figures present separately the particle motion through different degrees of freedom. Comparison between these degrees of freedom reveals some coupling between the translational and rotational motions. For instance the X position of the particle appears to be anti-correlated with the orientation angle α. In addition, the rotation angle γ and the particle translation along Z also seem to be anti-correlated. After t = 64 ms, both Z and γ barely change, but they also both change very quickly between 57 and 64 ms.
DISCUSSION
The digital holography of optically-trapped aerosol particle opens up new possibilities for experiments. We show here how such measurements can be used to retrieve the 6D motion of nonspherical particles. FDTD calculations of optical forces and torques are compared with the experimental motion of a peanut-shaped particle in the trap. The main general features of the particle dynamics are in a good agreement with the simulated optical forces and torques. For example, the rotation of the particle (angles γ and α shown in Figure 7 and 8) are in good qualitative agreement with the experiment. The simulations also show that the particle is closer to one trapping beam during the first part of the measurement and closer to the second beam during the second part of the measurements. However, some features of the particle motion could not be explained by our calculations. For example, the fluctuations of the particle velocity along the Z-axis cannot be explained by our calculations, probably because the real trap alignment is not as simple as assumed in the calculations. Nonetheless, comparing the measured motion of trapped nonspherical particles with calculations helps to better understand the trapping of nonspherical aerosol particles and the coupling between their rotational and translational motion. Our experiment is currently being coupled with broadband light scattering (BLS) to elucidate the mechanism of phase transitions of aerosol particles, which can proceed through multiple pathways including multistep processes 48 . Measuring the morphology changes of the particles during their phase transitions with high time and spatial resolution will help to shed some light on the intriguing details of such mechanisms, which currently lie largely in the dark.
